Amyloid plaques, composed mainly of the 39-43 amino acid ␤A4 peptide, are a characteristic feature of Alzheimer's disease. Generation of ␤A4 by proteolytic processing of the amyloid precursor protein (APP) is thought to occur in a pathway that includes the activity of two as yet unknown proteases, with ␤-secretase cleaving at the N terminus and ␥-secretase releasing the C terminus of ␤A4. Inhibition studies and the finding that cell surface APP can serve as a direct precursor of ␤A4 suggest that the endosomal/lysosomal compartment is involved in the proteolysis of APP into ␤A4.
Amyloid plaques, composed mainly of the 39-43 amino acid ␤A4 peptide, are a characteristic feature of Alzheimer's disease. Generation of ␤A4 by proteolytic processing of the amyloid precursor protein (APP) is thought to occur in a pathway that includes the activity of two as yet unknown proteases, with ␤-secretase cleaving at the N terminus and ␥-secretase releasing the C terminus of ␤A4. Inhibition studies and the finding that cell surface APP can serve as a direct precursor of ␤A4 suggest that the endosomal/lysosomal compartment is involved in the proteolysis of APP into ␤A4.
In this study we targeted APP695 chimeric proteins directly into the endosomal/lysosomal compartment. This decreased the amount of released ␤A4, while the generation of the ␤A4 N terminus continued. APP695 proteins were constructed also, which carried sorting signals responsible for recycling between the trans-Golgi network (TGN) and the cell surface. These proteins were processed into secreted ␤A4 at even higher levels than wild-type APP695. Moreover, retention of APP695 proteins in the endoplasmic reticulum led to neither ␤A4 secretion nor to processing by ␤-secretase in human SH-SY5Y neuroblastoma cells.
These data suggest that a ␤-cleavage activity resides in a late endosomal compartment and that a ␥-cleavage occurs in early endosomes, resulting in the generation of ␤A4 peptides with the majority ending at residue 40.
Key words: Alzheimer's disease; APP processing; ␤-amyloid; chimeric proteins; endosomal/lysosomal compartment; transport
A major histopathological marker of Alzheimer's disease is the presence of cerebral amyloid plaques, which are composed mainly of the insoluble 4 kDa ␤A4 peptide (Glenner and Wong, 1984; Masters et al., 1985) . ␤A4 derives from the larger amyloid precursor protein (APP) by the activity of two proteases termed ␤-and ␥-secretase (Kang et al., 1987) . During its transport through the constitutive secretory pathway a proportion of APP is secreted by cleavage within the ␤A4 sequence, thereby precluding the generation of ␤A4 (Weidemann et al., 1989; Esch et al., 1990) .
In an alternative pathway involving the endosomal/lysosomal system, APP is processed into C-terminal fragments that contain the entire ␤A4 domain (Cole et al., 1989; Golde et al., 1992; Haass et al., 1992a) . Although indicating the potential importance of this part in amyloidogenic processing, these fragments also have been proposed to be intermediates of the final degradation of APP in lysosomes . However, various agents that interfere with pH gradients reduce the generation of ␤A4 drastically (Haass et al., 1992b; Shoji et al., 1992) , supporting the idea that an acidic compartment is necessary for ␤A4 formation.
To analyze the involvement of the endosomal/lysosomal system in the processing of APP695 into ␤A4, we created APP695 chimeras by exchanging the cytoplasmic domain of APP695 with that of the human lysosomal-associated membrane protein-1 (hLAMP-1) and the human cation-dependent mannose 6-phosphate receptor (CD-MPR). These APP hybrids were expected to follow the transport of hLAMP-1 and CD-MPR, respectively. The majority of the hLAMP-1 has been shown to be transported directly from the trans-Golgi network (TGN) to lysosomes (Höning et al., 1996) . The CD-MPR is sorted from the TGN to the prelysosomal compartment and either returns to the TGN or is transported to the plasma membrane. Importantly, and distinct from hLAMP-1, the receptor is not transported to lysosomes (Rohrer et al., 1995) .
To analyze whether the secretory pathway plays a role in the amyloidogenic processing of APP695, we constructed an APP695 hybrid containing the C-terminal sorting signal of rat TGN38. This protein has been shown to recycle between the TGN and the cell surface, but at steady state it is located predominantly in the TGN (Reaves et al., 1993) . Finally, an APP695 chimera was created bearing a di-lysine-based endoplasmic reticulum (ER) retention signal at its C terminus (Cosson and Letourneur, 1994) .
Our results suggest a model in which a ␤-secretase occurs within a prelysosomal compartment. A ␥-cleavage activity might be found in early endosomes and leads to the secretion of ␤A4, which we identified mainly to correspond to ␤A4 1-40 . Lysosomes seem not to be required for the processing of APP695 into ␤A4.
MATERIALS AND METHODS
Plasmid constructions. The cDNA encoding the cytoplasmic domain of the human CD-M PR and of human L AM P-1 was obtained by PCR amplification, using L AP-M PR46 pBELC e (Pohlmann et al., 1987) as a template and oligonucleotide synthesis, respectively. The cDNA fragments were cloned into the plasmid cmv II APP695 [modified (Weidemann et al., 1989) ], using new cloning sites RsaI and BspI, respectively, which have been created by PCR in the APP cDNA region encoding the last amino acid residues of the transmembrane domain just before the lysine triplet. The regions created by PCR were sequenced by the dideoxy chain termination method, and the APP chimeric constructs were cloned via pBluescript SK ϩ (Stratagene, GmbH, Heidelberg, Germany) into the pCEP4 vector (Invitrogen/ITC Biotechnology, GmbH, Heidelberg, Germany). Each construct was c-myc-tagged, using the pSP65 N-tag APP695 vector (Simons et al., 1995) , which contains the c-myc sequence (EQK LI-SEEDL) to the APP N terminus; the constructs were termed A PP-MPR and APP-LAMP, respectively. APPwt was constructed by exchanging the A PP-MPR cDNA fragment, which encodes the M PR cytoplasmic domain, with the corresponding cDNA of pSP65 N-tag APP695. For the construction of APP-KKLN and A PP-SDYQR L, two oligonucleotides were synthesized encoding the last six C -terminal amino acid residues of APP695, followed by the signal sequences KKLN or SDYQRL, respectively. Corresponding PCR-generated DNA fragments using the plasmid cmv II APP695 as a template were cloned into the plasmid cmv II APP695 after the c-myc sequence was introduced to the N terminus of APP. The DNA fragments generated by PCR were sequenced, and the cDNA fragments encoding APP-KKLN and APP-SDYQRL were cloned into the pCEP4 expression vector.
DNA transfection and e xpression in SH-SY5Y cells. The human neuroblastoma cell line SH-SY5Y was maintained as described (Ross et al., 1983) . Semiconfluent cells were transfected with 2 g of plasmid DNA per 60-mm-diameter culture dish, using lipofectin as described by the producer (Life Technologies/ BRL, Eggenstein, Germany). After the transfected cells of one dish were pooled, the expression was examined by immunoprecipitation with Fd-APP antiserum (Weidemann et al., 1989) and immunoblotting with mouse monoclonal antibody 22C11, which recognizes the APP N terminus (Hilbich et al., 1993) , and mouse monoclonal anti-c-myc antibody (clone 9E10) (Z EN ECA / ICI, Frankf urt, Germany) (Evan et al., 1985) , using the ECL detection kit (Amersham, Braunschweig, Germany) .
Metabolic labeling and immunoprecipitation. Stably transfected SY5Y cells of a 100 mm culture dish were treated with 3 ml of minimum essential medium (M EM) lacking methionine (Sigma, München, Germany), supplemented with 300 Ci of [ 35 S]methionine (Amersham, Braunschweig, Germany) for 3 hr for the detection of APP, A4C T, and p3C T, and with M EM supplemented additionally with 10% (v/ v) dialyzed fetal calf serum (FC S) for 16 hr for the detection of ␤A4 and p3.
For pulse chase analysis, cells were radiolabeled for 8 min, using M EM lacking methionine and supplemented with 150 C i per dish. The chases were performed with DM EM (Sigma) supplemented with 10% (v/ v) FC S and 1 mM L-methionine for various periods of time.
The cells were harvested and lysed in lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaC l, 1% N P40, 1% Triton X-100, and 2 mM EDTA) supplemented with 2 mM phenylmethylsulfonyl fluoride and 10 g /ml leupeptin. The 10,000 gm supernatants were used for immunoprecipitation with mAb 4G8 raised against amino acids 17-24 of ␤A4 (K im et al., 1988) and mAb WO2 (anti-␤A4 1-16 ) (Ida et al., 1996) . For the detection of ␤A4 and p3 in the conditioned media, rabbit polyclonal antibodies raised against human ␤A4 synthetic peptide 1-40 (Simons et al., 1996) were used. For separation of ␤A4 1-40 versus ␤A4 1-42 , the conditioned media were treated with mAb G2-10 (specific for ␤A4 1-40 ) and G2-11 (specific for ␤A4 1-42 ) (Ida et al., 1996) . Samples were separated by SDS-PAGE on 7% gels (APP) or 10 -20% Tris-Tricine gradient gels (Schagger and von Jagow, 1987 ) (␤A4, p3, and C -terminal fragments). Autoradiography with x-ray films (Kodak /Sigma, München, Germany) or phosphorimaging (Fuji Bas 1000) was performed.
Cell surface biotinylation. Stably transfected SY5Y cells of 100 mm culture dishes were cell surface-biotinylated, using sulfosuccinimidobiotin (sulfo-N HS-biotin, Pierce/ Bender & Hobein, Heidelberg, Germany) as described (Usami et al., 1993) . C ells were harvested and lysed. Biotinylated proteins were precipitated with polyclonal goat anti-biotin antiserum (Pierce/ Bender & Hobein) and protein G-agarose. Immunoprecipitates were separated by SDS-PAGE and transferred to nitrocellulose. Biotinylated APP was detected with mAb 22C11 by the ECL detection kit.
Immunofluorescence and confocal microscopy. Stably transfected SY5Y cells were plated onto glass coverslips 48 hr before use. C ells were fixed and permeabilized by incubation in methanol at Ϫ20°C for 5 min. The coverslips were incubated in PBS/10% goat normal serum (GNS) for 20 min, followed by a PBS wash and incubation with primary antibody in PBS/2% GNS for 1 hr at room temperature. For the detection of the transfected APP proteins, mAb 9E10 or rabbit polyclonal anti-c-myc antiserum (A14, Santa Cruz Biotechnology, Heidelberg, Germany) recognizing the same epitope as mAb 9E10 was used. Mouse monoclonal anti-hL AM P-1 antibody H4A3 was obtained from the Developmental Studies Hybridoma Bank (DSHB, Baltimore, MD) (Chen et al., 1985) . The CI-M PR was detected with a rabbit polyclonal antiserum raised against the 300 kDa M PR kindly provided by Professor Bernhard Hoflack (European Molecular Biology Laboratory, Heidelberg, Germany) (Meresse and Hoflack, 1993) . Rabbit polyclonal anti-human homolog of rat TGN38 (hum TGN46) (GB1) was a gift of Professor George Banting (Bristol, UK) (Ponnambalam et al., 1996) . Sec61 was detected by a rabbit polyclonal antiserum raised against a synthetic peptide (PG-P TPSGTN) to the sec61␤ N terminus of dog (Görlich and Rapoport, 1993) . The secondary antibodies were goat anti-mouse or goat anti-rabbit conjugated to DTAF (dichlorotriazinyl aminofluorescein) or LRSC (lissamine -rhodamine; Dianova, Hamburg, Germany). The cells were incubated at room temperature with secondary antibodies for 30 -45 min, washed, and mounted in poly vinyl alcohol. Confocal microscopy was performed on a Leica microscope with a 63ϫ 1.4 oil immersion objective.
RESULTS

Detection of the chimeric proteins APP-LAMP and APP-MPR
We constructed two chimeric APP proteins by replacing the cytoplasmic domain of APP695 (APPwt) (47 aa) with those of hLAMP-1 (11 aa) and CD-MPR (67 aa), termed APP-LAMP and APP-MPR (Fig. 1a) . These proteins are expected to follow the intracellular transport of hLAMP-1 and CD-MPR, respectively, because the sorting signals required for trafficking into the endosomal/lysosomal system are localized in the cytoplasmic domain of the corresponding protein (Johnson and Kornfeld, 1992; Guarnieri et al., 1993) . For specific detection the APP hybrid proteins were N-terminally tagged with a c-myc epitope.
Stably transfected SH-SY5Y cell lines were established, and the expression of the chimeric APP695 proteins was examined by immunoprecipitation with Fd-APP antiserum, followed by immunoblotting with mAb 22C11 (anti-Fd-APP) or mAb 9E10 (antic-myc). The results are presented in Figure 1b ,c. The bands that represent APP695sec are indicative for the expression of the chimeric proteins. In contrast, the bands corresponding to APP751/770sec are products of the endogenous APP gene expressed by the SY5Y cells, as shown for cells stably transfected with pCEP4 alone. This result was confirmed by detection with mAb 9E10.
APP-LAMP and APP-MPR were detected mainly in the predicted organelles
To study the subcellular localization of the chimeric proteins, we performed immunofluorescence confocal microscopy. SY5Y cells stably expressing APP-LAMP were double-stained with c-myc antiserum (Fig. 2 a) and monoclonal anti-hLAMP-1 antibodies visualizing endogenous hLAMP-1 (Fig. 2 b) . As the arrows indicate, APP-LAMP was found to some extent in the same vesicles as endogenous hLAMP-1. SY5Y cells stably transfected with the APPwt construct and double-stained with the same antibodies showed an overlapping immunoreactivity of APPwt and hLAMP-1 mainly in a perinuclear region (Fig. 2c,d ). This is probably attributable to the presence of the proteins in the biosynthetic pathway.
Because the signal observed from the APP-LAMP stably transfected cells was always very weak, we assumed that APP-LAMP might be degraded very rapidly in the lysosomes. To test this hypothesis, we treated the cells with the lysosomal protease inhibitor leupeptin, followed by an incubation with the same antibodies as used before (Fig. 2 e, f ) . In comparison to untreated cells (Fig. 2 a) , leupeptin clearly stabilized the APP-LAMP chimera within vesicular structures, most of which were found to colocalize with anti-hLAMP-1 immunoreactivity ( Fig. 2 e, f ; see arrows). In contrast, in the presence of leupeptin, colocalization of APPwt with endogenous hLAMP-1 within vesicular structures was less pronounced (Fig. 2 g, h) .
Next we examined the intracellular localization of the APP-MPR chimeric protein. APP-MPR transfected SY5Y cells were incubated with mAb 9E10 (Fig. 2 i) and with an antiserum recognizing the N-terminal domain of the human cationindependent mannose 6-phosphate receptor (CI-MPR; Fig. 2 j) , which has been shown to be localized in the same compartments as the CD-MPR (Klumperman et al., 1993) . The staining pattern of APP-MPR was very similar to that of the endogenous CI-MPR (Fig. 2 i, j) . In contrast, APPwt was also present outside this perinuclear region, which is passed by the precursor protein following the secretory pathway (Fig. 2k, l ) .
In accordance with their maturation and secretion, APP-MPR, but not APP-LAMP, is detectable on the cell surface
To examine the presence of the APP proteins at the cell surface, we biotinylated on ice and lysed the intact SH-SY5Y cells stably transfected with APPwt, APP-LAMP, and APP-MPR; the labeled cell surface proteins were immunoprecipitated with antibodies directed against biotin. Remaining cell surface and intracellular APP proteins were immunoprecipitated from the same cell lysates with Fd-APP antiserum and detected by immunoblotting with mAb 22C11. As shown in Figure 3a , biotinylated APPwt and APP-MPR were observed, indicating that these proteins are present on the cell surface. The 97 kDa band revealed by APPwt transfected cells seems to correspond to secreted APPwt associated with the cell surface, because it was not recognized by antibodies to the C terminus of APP but could be detected by mAb 9E10 (data not shown). Biotinylated APP-LAMP could not be detected under these conditions, indicating its predominant intracellular transport (Fig. 3a) .
Because the altered intracellular transport might have an influence on the processing and secretion of the APP chimeras, pulse chase experiments were performed. Therefore, stably transfected cells were labeled metabolically with [ 35 S]methionine for 8 min and either lysed immediately or chased in complete, methionine-enriched medium for the times indicated (Fig. 3b) .
Maturation of all APP cell-associated proteins reached a maximum intensity at 30 min chase time. Concurrent with the decrease of cellular mature forms, an increase of secreted species (APPs) in the conditioned medium after 60 -120 min was observed. Secretion of the APP-LAMP transfected cells was clearly decreased, as compared with APPwt cells. The reduced processing by ␣-secretase might be an indication of a mainly intracellular transport of APP-LAMP, because ␣-secretase has been suggested to cleave in a late compartment of the secretory pathway (Sambamurti et al., 1992; Sisodia, 1992) .
Amyloidogenic processing of the chimeric proteins APP-LAMP and APP-MPR
We first examined the formation of the C-terminal fragments corresponding to A4CT and p3CT arising from the activity of ␤-secretase and ␣-secretase on the chimeric proteins, respectively (Fig. 4a) . Cell lysates of metabolically labeled SY5Y cells expressing APPwt, APP-LAMP, and APP-MPR were prepared and normalized to the expression levels of transfected APP, which were determined previously in a separate experiment (see Fig.  4c ). The C -terminal fragments were immunoprecipitated with mAb 4G8 (anti-␤A4 17-24), which recognizes both cleavage products, and mAb WO2 (anti-␤A4 1-16), which detects the A4C T fragments, but not p3C T (Fig. 4a ).
A4CT and p3CT fragments were detectable in the cell lysates of all three cell lines (Fig. 4b) . In comparison to APPwt, the corresponding A4CT and p3CT cleavage products of ϳ14.2 and 12.2 kDa were highly enriched in the APP-MPR transfected cells. This might indicate that the APP-MPR chimeric proteins like d, f, h ) or antiserum to CI-M PR ( j, l ) and LRSCconjugated second antibodies were used for the detection of the corresponding endogenous marker proteins. Where indicated, cells were incubated in the presence or absence of 1 mg /ml leupeptin 4 hr before MeOH fixation. In a, b, e, and f, colocalization of APP-L AM P with endogenous hLAMP-1 within vesicular structures is marked by arrows. Leupeptin treatment in e and f resulted in a strong stabilization of APP-L AM P in vesicular structures, most of which colocalized with endogenous hL AM P-1. APPwt mainly colocalized with APP-L AM P in a perinuclear region, which probably is passed by both proteins during their biosynthetic pathways. i and j show colocalization of APP-M PR with CI-MPR, whereas the immunoreactivity of APPwt in k only partially overlaps with that of CI-M PR.
CD-M PR do not enter the proteolytically active lysosomes, because it has been suggested that C -terminal fragments become degraded in lysosomes (Busciglio et al., 1993; Siman et al., 1993) . In contrast, the 8.4 kDa A4CT of the APP-L AM P chimeric protein was decreased in cells stably transfected with APP-L AM P. The corresponding p3CT cleavage product (6.4 kDa) was hardly detectable, confirming the reduced processing by ␣-secretase shown in the pulse chase experiment.
Next, we looked for the generation of ␤A4 arising from the action of ␤-and ␥-secretase and the 3 kDa peptide p3, produced by ␣-and ␥-cleavage.
Importantly, in contrast to APPwt transfected cells, neither ␤A4 nor p3 was detectable in the conditioned medium of cells stably transfected with APP-LAMP by immunoprecipitation with ␤A4 1-40 antiserum (Fig. 4d) . However, both cleavage products were found in the medium of APP-MPR transfected cells. The amount of these fragments was decreased to ϳ50%, as compared with APPwt cells, but the ratio of ␤A4 to p3 appeared unaltered in comparison to APPwt, as confirmed by phosphorimaging.
To examine the species of ␤A4 that are secreted from APPwt and APP-MPR-expressing cells, we performed immunoprecipitation of the conditioned media with monoclonal antibodies specifically recognizing the ␤A4 1-40 form and the longer ␤A4 1-42 , respectively. Secreted ␤A4 was immunoprecipitated with mAb G2-10, which reacts specifically with ␤A4 1-40 (Ida et al., 1996) (Fig. 4e) . In contrast, the longer ␤A4 1-42 could not be detected in the medium of the transfected cells by immunoprecipitation with the ␤A4 1-42 -specific antibody G2-11 (Ida et al., 1996) .
Synthesis and secretion of the chimeric proteins APP-SDYQRL and APP-KKLN
Because we showed that the APP-MPR chimeric protein becomes processed into secreted ␤A4 to a lesser extent than APPwt, other sites aside from late endosomes may be involved in the generation of secreted ␤A4. To examine whether the late secretory pathway leads to the formation of ␤A4, we constructed an APP695 protein C-terminally tagged with the cytoplasmic signal sequence SDYQRL of TGN38, a marker protein of the TGN. Because this sequence is responsible for the retrieval of TGN38 from the cell surface to the TGN (Ponnambalam et al., 1994) , we expected a similar targeting for the APP chimeric protein, which we termed APP-SDYQRL (Fig. 5a ). Another chimeric protein was constructed, bearing a di-lysine-based ER retention signal at the C terminus of APP695 (Fig. 5a) , to investigate the role of the ER in the generation of secreted ␤A4.
Both APP fusion constructs were N-terminally c-myc-tagged and cloned into the expression vector pCEP4; stable SH-SY5Y cell lines were established. The expression of the chimeric proteins was examined by immunoprecipitation of the cell lysates and conditioned media with Fd-APP and c-myc antisera (Fig. 5b) . Approximately equal amounts of the expressed proteins were obtained in the three cell lines. The higher molecular weight of secreted APP-SDYQRL might indicate elevated processing in the TGN as compared with APPwt or an alternative cleavage by ␣-secretase. In contrast, secreted protein was hardly detectable in APP-KKLN transfected cells, suggesting a predominant intracellular presence of this protein.
Colocalization of APP-SDYQRL and APP-KKLN with TGN and ER markers is consistent with their predicted distributions
We used double-labeling confocal immunofluorescence experiments to study the intracellular localization of APP-SDYQRL and APP-K K L N. In APP-SDYQRL -expressing cells most of APP-SDYQRL, stained with mAb 9E10, and TGN38, detected by a TGN38 antiserum, colocalized to the same perinuclear location (Fig. 6 a, b) . Immunofluorescent visualization of APPwt transfected cells resulted in costaining of APPwt and TGN38 in the perinuclear region, because the precursor protein passes the Golgi complex on its way to the cell surface (Fig. 6 c, d) . In SY5Y cells transfected with APP-K K L N, colo- 35 S]methionine for 16 hr, and the conditioned medium corresponding to their expression level was incubated with ␤A4 1-40 antiserum. Immunoprecipitates were analyzed by SDS-PAGE and autoradiography. In APP-M PR transfected cells the secretion of ␤A4 and p3 was decreased to ϳ50%, as compared with APPwt. In the medium of APP-L AM P-expressing cells neither ␤A4 nor p3 was detectable. e, To distinguish between ␤A4 1-40 and ␤A4 1-42 , we radioactive-labeled the APPwt and APP-M PR transfected cells, as described in d, and equal volumes of conditioned media were used for immunoprecipitation with G2-10, specifically recognizing ␤A4 1-40 , or G2-11, specific for ␤A4 1-42 . ␤A4 and p3 were precipitated by G2-10, but not by G2-11. calization of APP-K K L N and the ER resident sec61, which was detected by a sec61 antiserum, was observed (Fig. 6 e, f ) . APPwt cells also showed colocalization of APPwt with sec61 ( Fig. 6 g, h) but this again probably was attributable to the passage of APP through the secretory pathway, because additional staining like that of the perinuclear region was observed for the APPwt protein.
Cell surface expression and maturation of APP-SDYQRL and APP-KKLN correspond to the altered intracellular trafficking
To examine whether APP-SDYQRL and APP-KKLN are transported to the plasma membrane, we labeled cell surface proteins of the stably transfected SY5Y cells with biotin and analyzed them as described in Figure 3a . The mature form of APP-SDYQRL (top band) was found to become biotinylated, which is in agreement with its recycling between TGN and the plasma membrane (Fig. 7a) . In contrast, biotinylated APP-KKLN was not observed, indicating the mainly intracellular localization of this protein. This is also in accordance with the lack of carbohydrate maturation and secretion of APP-KKLN examined in a pulse chase experiment (Fig. 7b) . In contrast, APP-SDYQRL becomes matured and is secreted.
Amyloidogenic processing of APP-SDYQRL and APP-KKLN
To study the amyloidogenic processing of APP-SDYQRL and APP-KKLN, we examined the activity of ␤-secretase by the formation of the C-terminal fragments corresponding to A4CT. ␣-Secretase activity was studied by detection of p3CT equivalents (see Fig. 4a ).
SH-SY5Y cells stably transfected with APPwt, APP-SDYQRL, and APP-KKLN were labeled metabolically with [
35 S]methionine and A4CT, and p3CT cleavage equivalents were immunoprecipitated by mAb WO2 and 4G8 (Fig. 8a ). Both C-terminal fragments were observed in the cell lysates of APP-SDYQRL and APPwt transfected cells. Two protein bands in the molecular weight range of APP-SDYQRL-p3CT were detected by mAb 4G8 in the cell lysate of APP-SDYQRL-expressing cells, which might correspond to alternative ␣-cleavage products. Neither p3CT nor A4CT equivalents were detectable in the cell lysate of APP-KKLN transfected cells.
To examine the processing of APP-SDYQRL and APP-KKLN into secreted ␤A4 and p3, we incubated equal amounts of conditioned medium of APPwt and APP-SDYQRL and an excess of APP-KKLN-conditioned medium with ␤A4 1-40 antiserum recognizing ␤A4 and p3 in an immunoprecipitation experiment. Even higher amounts of ␤A4 could be detected in the conditioned medium of APP-SDYQRL transfected SY5Y cells, as compared with APPwt cells (Fig. 8b) . When we analyzed the species of secreted ␤A4, we found that ␤A4 and p3 were immunoprecipitated by the mAb G2-10, specific for ␤A4 1-40 , but not by mAb G2-11, which reacts specifically with ␤A4 1-42 (Fig. 8c) . Neither ␤A4 nor p3 could be detected in the conditioned medium of APP-KKLN transfected cells.
DISCUSSION
Subcellular distribution of the APP chimeras
APP that follows the secretory pathway from the ER to the plasma membrane is partially secreted. In addition, cell surface APP can be internalized into the cell and recycle rapidly to the plasma membrane, can undergo amyloidogenic processing to ␤A4 peptide, or can be transported to lysosomes for complete degradation (Caporaso et al., 1992; Haass et al., 1992a; Koo et al., 1996; Yamazaki et al., 1996) .
To investigate the role of several compartments like the endosomal/lysosomal system, the secretory pathway, and the ER in the processing of APP into the secreted ␤A4 peptide, we analyzed the transport and processing of APP chimeras bearing C-terminal sorting sequences believed to serve as targeting signals for the corresponding sites of the cell.
Three independent approaches were performed to demonstrate that the intracellular sorting of the APP hybrids was altered in accordance with their new cytoplasmic sorting signals. First, we demonstrated by immunofluorescence confocal microscopy that, only in the presence of leupeptin, strong vesicular immunoreactivity of APP-L AM P was detectable, which overlapped with that of the lysosomal marker protein hL AM P-1. APP-MPR was visualized clearly in the same regions that reacted with antibodies against CI-M PR known to enter the same compartments as CD-M PR (K lumperman et al., 1993) , like the Golgi apparatus and late endosomes. Colocalization of APP-SDYQRL with TGN38 clearly showed that both proteins were concentrated to the same perinuclear area and that the ER resident sec61 revealed an almost identical staining pattern as APP-KKLN.
Second, cell surface biotinylation demonstrated that APP-MPR and APP-SDYQRL are transported to the plasma membrane. This is in agreement with the trafficking of endogenous CD-M PR and TGN38, which have been described to recycle to the cell surface (Kornfeld, 1992; Reaves et al., 1993) . Neither APP-L AM P nor APP-KKLN was found to be accessible for biotinylation at the cell surface, confirming an altered trafficking of these chimeras to a mainly intracellular routing.
Finally, metabolic labeling revealed that the maturation of APP-L AM P, APP-M PR, and APP-SDYQRL are concordant with the trafficking of the corresponding cognate proteins. The secretion of APP-L AM P, as compared with APPwt, was strongly reduced. Because the amount of cell-associated APP-LAMP did not increase proportionally with the decrease of secreted protein, it seems likely that this chimeric protein becomes rapidly degraded. This might indicate transport to lysosomes. APP-KKLN, which does not undergo secretion, also failed to be matured during the labeling period, consistent with its retention in the ER.
Therefore, although it cannot be excluded that a small fraction of the APP hybrids becomes missorted, we believe that most of APP-LAMP, APP-MPR, APP-SDYQRL, and APP-KKLN follow the intracellular pathways mediated by the new cytoplasmic sorting signals.
Amyloidogenic processing of the APP chimeras
In SH-SY5Y cells, lysosomes seem not to be required for the formation of secreted ␤A4, because APP-LAMP that was targeted directly into lysosomes was not processed into secreted ␤A4. This is in agreement with previous findings demonstrating that release of ␤A4 is not inhibited by leupeptin and that ␤A4 is not detectable in isolated lysosomes (Shoji et al., 1992; . The lack of ␤A4 secretion from cells transfected with APP-LAMP is probably not attributable to absence of ␤-secretase cleavage. We found APP-LAMP to be cleaved by a protease with similar activity like ␤-secretase into a corresponding A4CT fragment. It is unlikely that the cleavage occurred in Figure 6 . Colocalization of APP-SDYQRL and APP-KKLN with TGN38 and the ER resident sec61, respectively, was analyzed by immunofluorescence confocal microscopy. SY5Y cells stably expressing APPwt (c, d, g, h) , APP-SDYQRL (a, b), and APP-KKLN (e, f ) were incubated with mAb 9E10 (a, c, e, g ) for the detection of the c-myc-tagged APP proteins, visualized by using DTAF-coupled second antibodies and TGN38 (b, d) or sec61 antiserum ( f, h), followed by a second antibody conjugated with LRSC. Most of APP-SDYQRL colocalized with endogenous TGN38 in a perinuclear region (a, b) . In contrast, APPwt also was found outside this juxtanuclear area ( c). e and f show that APP-KKLN colocalized with endogenous sec61, whereas additional staining was observed for the APPwt protein ( g).
lysosomes, because APP-M PR appeared also to be processed into a similar C -terminal fragment, assumed to be generated by the same ␤-secretase activity. A4C T derived from APP-MPR was highly stabilized, which was also the case for p3C T. This indicates that APP-M PR probably does not enter the lysosomes that are involved in the degradation of the C -terminal fragments (Busciglio et al., 1993; Siman et al., 1993) . Because APP-SDYQRL also appeared to be cleaved by a ␤-secretase, it seems likely that one or several compartments passed by all three APP proteins contain this cleavage activity, provided that it is the same in all three cases. The ER seemed not to be involved in this proteolytic processing, because ␤-cleavage products of APP-KKLN and also secreted ␤A4 were not observed. This is consistent with previous findings, which demonstrated that brefeldin A treatment resulted in a complete inhibition of ␤A4 secretion (Busciglio et al., 1993; .
Besides the ER, early and late endosomes and the Golgi complex seem to be passed by APP-LAMP, APP-MPR, and APP-SDYQRL and therefore represent possible compartments containing a ␤-secretase activity. APP-LAMP that follows the intracellular trafficking of hLAMP-1 is transported from the TGN to the lysosomes via late endosomes and possibly also early endosomes. APP-MPR may recycle among the TGN, late endosomal structures, and the cell surface like the CD-MPR. APP-SDYQRL may follow the secretory route to the plasma membrane and recycle back to the TGN via early and probably at least partially via late endosomes, because they have been shown to be passed by hybrid proteins bearing the cytoplasmic domain of TGN38 (Ponnambalam et al., 1994) .
Together with previous findings, the presence of a ␤-secretase activity in late endosomes seems very likely to us. First, an acidic milieu has been suggested to be required for ␤-cleavage because chloroquine and ammonium chloride inhibit ␤A4 generation from full-length APP, but not from A4CT, indicating different intracellular localizations of ␤-and ␥-cleavage activities (Dyrks et al., 1993) . Second, Koo and Squazzo (1994) demonstrated that endocytosis of intact cell surface APP via the receptor-mediated pathway leads to ␤A4 release, implying that specific ␤-secretase activity requires internalization.
Release of ␤A4 occurs with APP-MPR and APP-SDYQRL transfected cells, indicating that both proteins are processed by a ␥-secretase. On condition that APP-MPR and APP-SDYQRL are cleaved by the same ␥-secretase activity, this proteolytic enzyme might be localized in a compartment or compartments passed by both APP chimeras. Because APP-LAMP-expressing cells do not secrete ␤A4, late endosomes or lysosomes probably are not involved in ␥-cleavage, leading to the release of ␤A4 naturally. Enrichment of A4CT and p3CT in cells stably transfected with APP-MPR in parallel with a decreased amount of secreted ␤A4 and p3 might indicate a reduced processing by ␥-secretase. Because APP-SDYQRL gives rise to even higher amounts of secreted ␤A4, as compared with APPwt, we hypothesize that early endosomes involved in the recycling of APP proteins to the cell surface might be required for ␤A4 generation and release, whereas shuttling between TGN and late endosomal structures seems not to result in efficient ␥-cleavage. Such an assumption also is supported by the finding that the generation of ␤A4 from A4CT is not influenced by agents that interfere with pH gradients (Dyrks et al., 1993) , suggesting a less acidic milieu for the ␥-secretase activity.
At least most of the ␤A4 species secreted from APPwt-, APP-MPR-, and APP-SDYQRL-expressing cells seem to be ␤A4 1-40 because ␤A4 of the conditioned medium was recognized by a monoclonal antibody (mAb G2-10), which specifically reacts with ␤A4 1-40 . We could not detect ␤A4 in the supernatants of the cells by immunoprecipitation with mAb G2-11 specific for this longer ␤A4 species, which might be under the detection level of our assay.
Our results indicate a model in which lysosomes seem not to be required for the generation of secreted ␤A4 . We postulate that release of the ␤A4 1-40 N terminus by a ␤-secretase can occur in a late endosomal compartment. Our findings strongly suggest that the ER is not involved in the APP695 processing leading to ␤A4 1-40 secretion. In addition, our results indicate distinct com- Figure 7 . Analysis of the maturation and cell surface expression of APP-SDYQRL and APP-KKLN in transfected SY5Y cells. a, Plasma membrane proteins were labeled with sulfo-N HS-biotin on ice, and the biotinylated proteins were immunoprecipitated with biotin antiserum. A second immunoprecipitation with the same cell lysates was performed by using Fd-APP antiserum. The precipitated APP proteins were analyzed by SDS-PAGE and by immunoblotting with mAb 22C11. APPwt and APP-SDYQRL were found to become biotinylated; biotinylated APP-KKLN was not observed. b, Pulse chase analysis of APPwt-, APP-KKLN-, and APP-SDYQRL -expressing cells was performed as described in Figure 3b . The APP-KKLN and APP-SDYQRL proteins were immunoprecipitated with c-myc and Fd-APP antiserum, respectively. In contrast to APP-SDYQRL, in cells expressing APP-KKLN no carbohydrate processing and no secretion of APP-KKLN were observed. partments for ␤-and ␥-secretase activities, because A4CT and p3C T derived from APP-M PR are enriched in the corresponding cells in parallel with a decreased amount of secreted ␤A4 and p3. The ␥-cleavage activity, leading to the secretion of ␤A4 1-40 , might be localized in early endosomes. Beside APP695, which has been used for the construction of the chimeric proteins, this model awaits verification for other splice variants like APP751 or APP770.
